Abstract. In this paper we are interested in the approximation of continuous surface texture profiles defined only at discretely obtained points. A continuous representation is required in order to be able to apply filtration methods that assume uniform data spacing to practical data that in general is not uniformly spaced. By reconstructing surface profiles as natural cubic spline interpolants accurately using numerically stable fitting algorithms, we can provide a mathematically sound basis on which to compute surface texture profile parameters. As an important direct benefit, parameters involving the integrals of surface profiles can be calculated directly from the spline interpolant. Examples are given to illustrate the advantages of using this reconstruction method.
Introduction
Measuring a surface with a contact stylus instrument reveals the surface's structure of peaks and valleys. This structure is represented by a series of discrete measured co-ordinate values returned from the instrument. It is important to note that these points are not uniformly spaced along the measuring line because of a number of factors relating to the mechanical movement of the instrument during the measurement process [1] and the subsequent electronic processing within the instrument. The inconsistency in the spacing of points can cause noticeable errors in the calculation of surface texture parameters [2] due to the incompatibility with standard filtering software [3] . The filtration process separates the measured primary profile into waviness and roughness profiles, which form the basis upon which the various surface texture parameters are calculated. Any errors in the extraction of the waviness and roughness profiles from the measured profile will influence the value of the calculated parameters. Combined with the fact that research has shown that some ISO surface parameters possess ambiguous definitions [4] , this highlights the need to apply a robust mathematical method to eliminate the effects of non-uniform spacing in the filtration process. Implementation of such a method can also provide scope for the development of parameter algorithms that can achieve more accurate results when coupled with such a methodology. Research has already shown that using a sensible form of data fitting to roughness profile data before calculating certain parameters provides a more reliable result than simply using the discrete points as input to the parameter functions [5] . This paper applies this method of data fitting at the stage where the measurement co-ordinates are first obtained, not only before the process of applying parameter functions but also before the profile is filtered.
Representation of profile data
The type of function needed to fit to a series of measured profile points ( , ) i i x z must obey certain criteria in order to represent faithfully the characteristics of a surface texture profile. The fitted function must be an interpolant passing through all the measured points. Failing to meet this requirement will result in some peaks, valleys or points where the profile intersects with the mean-line (z = 0) being lost (leading to a change in some of the evaluated parameters). The function must be continuous throughout the range and have no large oscillations between interpolated points. Additionally, when the function is computed, it must produce a stable and reliable output. Small changes in the input profile data must only lead to small perturbations in the output function. Since the z measurements are extremely accurate, an ill-conditioned interpolation scheme could easily introduce numerical error larger than the uncertainty in the measurements.
Candidate interpolant functions include polynomials, radial basis functions and splines. In many applications, simple polynomial interpolants can be effective. Using orthogonal polynomials such approaches can be implemented in a numerically stable way. However, polynomial interpolants are prone to large oscillations between interpolated points and are therefore unsuitable for this application. Radial basis functions can also be used for interpolation but can become ill-conditioned for large data sets and are also prone to unwanted oscillatory behaviour. As an alternative, the use of a natural cubic spline interpolant for the purpose of profile data fitting has been explored in the course of this study [6] . Natural cubic spline interpolants to functions of one variable are solutions of a variational calculation [7] designed to ensure a smooth approximation to the underlying function free from undue oscillation. The general form of these interpolants is as follows
The parameters { i : i = 1, 2, 3,…,n} being restricted not only by the interpolation requirements but also by other related constraints [8] . The resulting spline has minimal average curvature amongst all interpolating splines and as such can be regarded as the smoothest interpolating spline.
This research has taken a piecewise approach to data fitting by taking each profile peak and valley as individual segments, together with the x-axis values that determine their respective start and end points, each element is fitted separately, see figure 1 . This allows for a more stable data fit as considerably fewer points are used than if the whole profile were interpolated. The calculation of most surface texture parameters will benefit from such an approach as their definitions are basically functions of separate profile elements. The result is that the parameter is either the maximum, minimum or sum of the function applied to each element. Figure 2 . Error plots for the transmission characteristics of the Gaussian profile filter [8] applied to uniform spaced data (left) compared to non-uniform spaced data (middle) and the natural cubic spline fitted to non-uniform spaced data (right).
Calculated transmission characteristics for Gaussian filters on non-uniform data
The transmission characteristic shown in figure 2 clearly highlights the effect of non-uniform spaced data points on Gaussian profile filter transmission characteristics. Figure 2 was computed using sinusoidal profiles of varying wavelength ( ), the plot on the left uses profiles with uniform spaced points whereas the central plot uses profiles with non-uniform spaced points. The plot on the right was generated using sinusoidal profiles with non-uniform spaced points that were fitted using a natural cubic spline interpolant and then re-sampled at uniform spaced points using the spline coefficients. The Gaussian filter with a fixed cut-off frequency ( c) was then applied to each profile and the amplitude of the filtered profile calculated.
In the central plot of figure 2 it can be seen from the transmission characteristics that the Gaussian filter is not suppressing the higher frequency elements of the profile effectively, illustrated by the higher error values in the left hand side of the plot. Therefore, the roughness profile that would be extracted after such filtering has taken place will not possess the same characteristics as a profile of the same function with uniform spaced points. The errors in this extracted profile will be passed on to any parameters calculated, giving inaccurate and unreliable results.
Using the method of piecewise natural cubic spline interpolation on profiles that do not possess equidistant spacing before filtration eliminates any problems that the Gaussian filter has with these profiles. The comparison of error plots shown on the left and right hand sides of figure 2 illustrates this. The roughness profiles with uniform spaced data and that fitted with the natural cubic spline are virtually identical. However, the non-uniform spaced roughness profile is noticeably different. The amplitude of this profile is greater than it should be because the filter has not suppressed certain frequencies adequately.
Effect of interpolation scheme on calculated surface parameters
Although the information between each measured profile point in a real data set will never be known, the pattern that these points provide should be exploited to the full. The 'real' surface, from which the points were measured, will almost certainly not have been as smooth as the fitted natural cubic spline. However, the fitted spline does represent faithfully the surface profile on the basis of the information provided in terms of the given profile points. Therefore, it presents a good reference in order to develop an algorithm for determining these parameters that has universal interpretation with sound mathematical background.
A variety of surface texture parameters were calculated using the three types of profiles used throughout the course of study. Table 1 shows the results for some of these parameters. For parameters that require the evaluation of a definite integral such as the amplitude parameters (average of ordinates) from ISO: 4287 [1] (Ra, Rq, etc.), a spline interpolant offers a significant advantage in that the required integrals can be determined directly from the fitted spline parameters, obviating the need to apply quadrature algorithms. 
Conclusion
A novel approach to surface profile data fitting has been presented that overcomes the ineffectiveness of the Gaussian profile filter with non-uniform spaced points. This process allows more efficient and reliable computation of the surface profile parameters because it represents the discrete profile as a series of continuous functions. The use of spline interpolants means that surface texture parameters defined in terms of integrals of the (real) surface profile can be calculated directly from the spline interpolant.
